Abstract-Leaky waveguide has been adopted in communication based train control (CBTC) systems, as it can significantly enhance railway network efficiency, safety and capacity. Since CBTC systems have high requirements for the train ground communications, modeling the leaky waveguide channels is very important to design the wireless networks and evaluate the performance of CBTC systems. In the letter, we develop a finite-state Markov channel (FSMC) model for leaky waveguide channels in CBTC systems based on real field channel measurements obtained from a business operating subway line. The proposed FSMC channel model takes train locations into account to have a more accurate channel model. The overall leaky waveguide is divided into intervals, and an FSMC model is applied in each interval. The accuracy of the proposed FSMC model is illustrated by the simulation results generated from the model and the real field measurement results.
I. INSTRUCTION
U RBAN rail transit systems are developing rapidly around the world. Due to the huge urban traffic pressure, improving the efficiency of urban rail transit systems is in demand. A key sub-system of urban rail transit systems, communications-based train control (CBTC) is an automated train control system using train-ground communications to ensure the safe and efficient operation of rail vehicles [1] . It can enhance the level of service offered to customers and improve the utilization of railway network infrastructure [2] .
As urban rail transit systems are built in a variety of environments (e.g., underground tunnels, viaducts, etc.), there are different wireless network configurations and propagation schemes. For the viaduct scenarios, leaky rectangular waveguide is a popular approach, as it can provide higher performance and stronger anti-interference ability than the free space [3] , as the electromagnetic waves propagate inside the leaky waveguide in the longitudinal direction, which can eliminate the effects of the co-channel interference. In addition, due to the available commercial-off-the-shelf equipment, wireless local area networks (WLANs) are often adopted as the main method of train ground communications for CBTC systems [4] .
Modeling the channels of urban rail transit systems is very important to design the wireless networks and evaluate the performance of CBTC systems. Although some excellent works have been done on modeling channels [5] - [7] , few of Manuscript received April 9, 2013. The associate editor coordinating the review of this letter and approving it for publication was T. them focus on the characteristics of leaky waveguide channels in CBTC systems.
In this paper, we develop a finite-state Markov channel (FSMC) model for leaky waveguide channels in CBTC systems, based on real field CBTC channel measurements obtained from the business operating Beijing Subway Yizhuang Line. Due to the good trade-off between accuracy and complexity, the FSMC model has been successfully employed in different channels, including Rayleigh fading channel [8] , Ricean fading channel [9] and Nakagami fading channel [10] . The proposed FSMC channel model takes train locations into account to have a more accurate channel model. The accuracy of the proposed FSMC model is illustrated by the simulation results generated from the model and the real field measurement results. The effects of distance interval are also discussed. Fig. 1 describes a CBTC system. In this system, continuous bidirectional wireless communications between each mobile station (MS) on the train and the wayside APs are adopted instead of the traditional fixed-block track circuit. The railway line is usually divided into areas or regions. Each area is under the control of a zone controller (ZC) and has its own radio transmission system. Each train transmits its identity, location, direction and speed to the ZC. The radio link between each train and the ZC should be continuous so that the ZC knows the locations of all the trains in its area all the time in order to guarantee train operation safety and efficiency. Generally speaking, in viaducts scenarios, the performance of wireless communication could be affected by the interference caused by the other wireless devices from the surrounding buildings in the city, and the consumer WiFi devices on the train can cause interference to CBTC systems as well. As a result, leaky waveguide has been adopted as the propagation medium in CBTC systems, such as Beijing Subway Yizhuang Line. Considering the unique characteristics of leaky waveguide in CBTC systems, we propose an FSMC model of leaky waveguide.
II. OVERVIEW OF COMMUNICATION-BASED TRAIN CONTROL

III. REAL FIELD MEASUREMENTS OF LEAKY WAVEGUIDE
Two sets of Cisco WLAN devices are used, one of which is set as the access point (AP) and the other one is set as the MS. Both of them are set to work at the frequency of 2.412GHz, which is also called channel 1. Due to the effects of coupling loss and transmission loss of leaky waveguide, the signal strength leaked from the slots cannot meet the requirements of CBTC systems if the input power is not high 1089-7798/13$31.00 c 2013 IEEE enough. As a result, the output power of the AP taken as the transmitter is set as 30dBm. Through a coupling unit, the signal of the AP is injected into leaky waveguide. The MS taken as the receiver is located on a measurement vehicle with a panel antenna to receive the signals leaked from the leaky waveguide. The gain of the antenna is 11dBi and the beam width is 30 • . Fig. 2(a) shows the measurement equipment, and Fig. 2(b) shows the measurement equipment used in our real field measurements. The location of the receiver is obtained through a velocity sensor installed on the wheel of the measurement vehicle, which can detect the real-time velocity, and the resolution of position is millimeter per second. In addition, according to the definition of Doppler Frequency shift [11] [12] and the characteristics of leaky waveguide, the angle between the direction of motion of the mobile station and the direction of arrival of the wave is almost 90 degrees, and then the Doppler frequency shift is almost 0, which we can ignore.
The measurements were performed at the section from Rongjingdong Station to Tongjinan Station of Beijing Subway Yizhuang Line. Due to the limits of subway line and the requirements of trains especially the Bogie, the height of the receiving antenna is set as 330mm. The length of one section of leaky waveguide is 300m, which determines the experimental zone in our measurements.
IV. THE FINITE-STATE MARKOV CHAIN CHANNEL MODEL
To capture the characteristics of leaky waveguide channels in CBTC systems, we define channel states according to the different received SNR levels, and use an FSMC to track the state variation. In this section, we first describe the FSMC model, followed by the determination of key model parameters, including SNR levels and SNR distribution.
A. The Finite State Markov Channel Model
The time axis is divided into slots of equal duration. Let γ k denote the SNR of the received signal in time slot k, whose range can be obtained from the experimental data. The range of SNR is partitioned into N non-overlapping levels with thresholds {Γ n , n = 0, 1, 2, 3, ..., N }, where Γ 0 and Γ N can be measured. The channel state γ k = s n when the SNR of the received signal belongs to the range [Γ n−1 , Γ n ). Then the received SNR can be modeled as a random variable γ evolving according to a finite-state Markov chain, and the transition probability p n,j can be shown as follows.
where k = 1, 2, 3, ..., and n, j ∈ {1, 2, ..., N }. According to the property of first-order Markov chain, we assume that each state can only transit to the adjacent states, which means p n,j = 0, if | n − j |> 1. With the definition, we can define a K × K state transition probability matrix P with elements p n,j .
Due to the effect caused by the transmission loss of leaky waveguide [3] , the amplitude of SNR depends on the location of the receiving antenna. As a result, the transition probability from the high channel state to the low channel state is different when the location of the receiving antenna changes, which means that the Markov state transition probability is related to the location of the receiver. Therefore, only one state transition probability matrix, which is independent of the location of the receiver, may not accurately model the leaky waveguide channels. Thus, we divide the leaky waveguide into L intervals and one state transition probability matrix is generated for each interval. Specifically, P l , l ∈ {1, 2, ..., L}, is the state transition probability matrix corresponding to the lth interval, and the relationship between the transition probability and the location of the receiver can be built. Then, the element of P l , defined as p l n,j , is the state transition probability from state s n to state s j in the lth interval. And p l n is defined as the probability of being in state n in the lth interval.
Based on the measurement results, we can determine the value of the state probability p l n and the state transition probability p l n,j .
B. Determine the SNR Level Thresholds of the FSMC Model
Determining the thresholds of SNR levels is the key factor that affects the accuracy of the FSMC model. There are many methods to select the SNR level boundaries, among which the equiprobable partition method is frequently used in previous works [8] - [10] . As non-uniform amplitude partitioning can be useful to obtain more accurate estimates of system performance measures [13] , we choose the LloydMax technique [14] instead of the equiprobable method to partition the amplitude of SNR in this paper. Lloyd-Max is an optimized quantizer, which can decrease the distortion of scalar quantization.
Firstly, a distortion function D is defined.
whereΓ n is the quantized value of SNR whose amplitude is in the range
is the error criterion function, and p(γ) is the probability distribution function of SNR. The distortion function can be minimized through optimally selectingΓ n and Γ n . The error criterion function f (x) is often taken as x 2 [15] . And the necessary conditions for minimum distortion are obtained by differentiating D with respect to Γ n andΓ n as follows.
Γn Γn−1
As mentioned above, we partition the amplitude of SNR into N levels, and there are N + 1 corresponding thresholds {Γ n , n = 0, 1, 2, 3, ..., N }. Generally, the first and last thresholds are known, which are denoted by the minimum and maximum measurement values of SNR. Furthermore, the Lloyd-Max algorithm is used to divide 2 r levels, which means N = 2 r , r = 1, 2, 3, ...., and N is an even number. As a result, since Γ 0 and Γ N are known, based on (4), all elements of {Γ n } can be obtained.
According to the calculated {Γ n }, combined with (3) and (4), we can update the value of {Γ n } until the value of D is the minimum, and the optimal thresholds of the SNR levels can be obtained. As p(γ) is still unknown, we should discuss the distribution of SNR in the following subsection according to the real field measurement data, which is the last step to obtain the thresholds of SNR levels.
C. Determine the Distribution of SNR
Deriving the distribution of SNR is the crucial step of partitioning the levels of SNR. In fact, there are some classic models to describe the distribution of signal strength, such as Rice, Rayleigh, Nakagami, Weibull and Log-normal, and then the corresponding models of SNR can also be obtained [16] . We firstly derive the distribution of the signal strength in order to determine the distribution model of SNR.
The Akaikes Information Criteria with a correct (AICc) is adopted to get the approximate distribution model of the signal strength from the five classic models (candidate models) mentioned above which are also used in [17] . Since our channel model is related to the location of the receiver, the leaky waveguide should be divided into L intervals. And we apply AICc for each candidate model in every interval, which is defined as follows [18] .
where i means the ith interval, j means the jth candidate model, θ i,j means the estimated parameters of the jth candidate model for the ith interval using the maximum likelihood estimator (MLE), x i,n is the nth sample of the ith interval, k j is the number of parameters of the jth candidate model, N i is the total number of samples of the ith interval. As a result, we can select the most appropriate model based on the frequency of the minimum AICc value of different candidate models. In order to obtain enough data for each interval and ensure the accuracy of the model, we set the length of each interval as 40 wavelengths of WLANs [17] . Based on the frequencies of AICc of different distributions in the real field measurements, we observe that the Lognormal distribution provides the best fit compared to other distributions. As a result, we can define p(γ) as the Lognormal distribution.
After the distribution of the signal strength is obtained, according to [16] , we can derive the distribution of SNR.
where γ is the SNR of the received signal, ξ = 10/ ln 10 = 4.3429, μ and σ are the mean and standard deviation of 10 log 10 γ, respectively. In fact, μ and σ can be calculated when applying AICc through the maximum likelihood estimator for each interval.
V. REAL FIELD MEASUREMENT RESULTS AND DISCUSSIONS
In this section, we compare our FSMC model with real field test results to illustrate the accuracy of the model. The effects of distance interval in the proposed model are discussed. The number of states in our model is set as 4. In order to obtain the effects of distance intervals on the model, we choose the intervals as 5m, 10m, 20m, 25m, 40m, 50m, 100m and 300m. We perform measurements in the viaduct section of Beijing Subway Yizhuang Line for dozens of times so that enough data can be captured. The accuracy of the FSMC model is verified through another set of measurement data.
Based on the measurement data, (3), (4) and (6) After we get the thresholds, we can get the state probabilities and the state transition probabilities from the real field data. Table I illustrates the state transition probabilities of the FSMC model and the measurement data at the same location (15m − 20m), when there are four states and the distance interval is 5m. Fig. 3 shows the simulation results generated from our FSMC model and the experimental results from real field measurements. We can observe there is more agreement between them when the distance interval is 5m than that with 50m distance interval. Next, we derive the mean square error (MSE) to measure the degrees of approximation, shown in Fig. 4 . As we can see from Fig. 4 , when the distance interval increases, the MSE also increases, which means that the accuracy of the model decreases. However, MSE is almost the same when the distance interval is 5m, 10m, 20m and 25m. The reason is that, as the signal leaked from the slots of leaky waveguide is stable, the range of SNR does not change significantly when the distance interval increases to a limited extent. From the results of Fig. 4 , we can see that the FSMC model with 4 states and 25m distance interval can provide an accurate enough channel model for leaky waveguide channels in CBTC systems.
VI. CONCLUSIONS AND FUTURE WORK
We have proposed an FSMC model for leaky waveguide of CBTC systems. The proposed FSMC channel model takes train locations into account to have a more accurate channel model. The overall leaky waveguide is divided into intervals, and an FSMC model is designed in each interval. The accuracy of the proposed model has been illustrated by the simulation results generated from the proposed model and the real field measurements. In addition, we have shown that the distance interval have impacts on the accuracy of the proposed FSMC model. Future work is in progress to study the effects of wireless channels on the control performance of CBTC systems based on the proposed channel model.
